Introduction {#sec1-1}
============

Lung epithelial repair is dependent on stem/progenitor cell populations in distinct niches along the proximal-distal axis.^[@ref1]^ Crosstalk between lung stem/progenitor cells and their niche is likely to be pivotal for maintaining the balance of stem and differentiated cells. Defects in such interactions may lead to acute respiratory distress syndrome, chronic obstructive pulmonary disease, idiopathic pulmonary fibrosis, and cancer. Bronchioalveolar stem cells (BASCs) are adult murine distal lung epithelial stem cells that reside in the bronchioalveolar duct junction (BADJ), which is localized between the conducting and respiratory epithelium in terminal bronchiole. Lineage-tracing analyses showed that BASCs could give rise to club cells and alveolar epithelial cells *in vivo*.^[@ref3],[@ref4]^ The squamous alveolar type 1 (AT1) cells cover 90% of the alveolar space area and are essential for normal gas exchange. The cuboidal alveolar type 2 (AT2) cells are larger in number than AT1 cells, but AT2 cells occupy only 5\~10% of the surface area.^[@ref5]^ AT2 cells have multiple functions, including in surfactant production and secretion.^[@ref6]^ When AT1 cells are damaged, adjacent AT2 cells are stimulated to proliferate and transdifferentiate into AT1 cells.^[@ref6]^

Hepatocyte growth factor (HGF) was identified and cloned as a factor inducing the proliferation of adult rat hepatocytes.^[@ref7]^ Plasma and local HGF levels increase in response to lung injury under pathological conditions.^[@ref7]^ HGF exerts mitogenic, morphogenic and anti-apoptotic effects on lung epithelial cells. These multiple functions are exerted through tyrosine phosphorylation of Met, a receptor for HGF.^[@ref8],[@ref9]^ The selective inhibition of Met signaling by anti-HGF antibody leads to the exacerbation of lung injury, identifying endogenous HGF as a pulmotrophic factor.^[@ref7]^

Met expression has been reported to correlate with proliferation and anti-apoptosis in non-small cell lung cancer.^[@ref10],[@ref11]^ However, it is not clear what cells in lungs are targeted by the HGF-Met signal, and we thus aimed to characterize Met expression in adult normal lung.

Materials and Methods {#sec1-2}
=====================

Isolation, purification, and culture of rat alveolar type II epithelial cells {#sec2-1}
-----------------------------------------------------------------------------

Experiments with animals were performed in accordance with the Guide for Animal Experiments of Osaka University and the Committee of Research Facilities for Laboratory Animal Sciences, Osaka University. AT2 epithelial cells were isolated from specific pathogen-free Sprague-Dawley male rats weighing 150-250 g, as previously reported^[@ref12]^ with slight modification. We treated the lung with elastase (10 U/mL) (Nacalai tesque, Kyoto, Japan)/collagenase (0.1 mg/mL) (Wako, Osaka, Japan) solution for the dissociation of cells. Furthermore, we suspended the obtained cells in D-MEM/F12 containing 10% FBS, 100 U/mL penicillin, 100 g/mL streptomycin, 50 g/mL gentamycin, and 0.25 g/mL fungizone.

3D culture of rat alveolar type II epithelial cells {#sec2-2}
---------------------------------------------------

To produce ALC, the freshly isolated primary AT2 cells were harvested at 1x10^5^ cells/cm^[@ref2]^ in D-MEM/F12 supplemented with 10% FBS and 2% growth factor-reduced Matrigel on Matrigel-coated chambers (BD Biosciences, Bedford, MA, USA) as previously reported.^[@ref13]^ Ten and 50 ng/mL recombinant human HGF (rhHGF) was added at the beginning of 3D-cultures for AT2 cells (Day 0). The media with rhHGF was changed every 3 days.

Immunostaining assay of Met in normal rat lungs {#sec2-3}
-----------------------------------------------

Lungs removed at each autopsy were fixed in cold 10%-buffered formalin for 24 h, and were then subjected to a routine process for paraffin embedding. Anti-Met IgG \[sc-8057; Santa Cruz Biotechnology (SCB), Dallas, TX, USA\], anti-surfactant protein-C pro-peptide (pro-SP-C) IgG (AB3786; Chemicon Int., Temecula, CA, USA), anti-AQP-5 IgG (sc-26828; SCB), and anti-CCSP IgG (sc-9772; SCB) were used. First antibodies are used in the dilution as 1:200 and normal IgG were used as control antibodies respectively. Antigen retrieval was performed by using 1 mM EDTA at pH 8.0 in a microwave for 20 min for staining. For immunofluorescence staining assay, the sections were incubated at 4°C overnight. Subsequently washed with PBS, and the sections were then incubated with secondary antibodies (1:600, Alexa488-, Alexa546-, and Alexa647-conjugated IgG; Life technologies, CA, USA) at room temperature for 20 min. After washed with PBS, the sections were mounted with crystal mount (Biomeda, Foster City, CA, USA) and observed under an LSM5 PASCAL confocal microscope (Carl Zeiss AG, Jena, Germany).

mRNA expression in primary alveolar cells {#sec2-4}
-----------------------------------------

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed as described previously.^[@ref14]^ The following specific primers were used for rat *c-Met, SP-A*, *SP-C*, *RTI*, *caveolin*, and *GAPDH*: *c-Met* Forward 5'-CAG ACG CCT TGT ATG AAG T-3', *c-Met* Reverse 5'-CAT AAG TAG CGT TCA CAT GG-3'; *SP-A* Forward 5'-TAC CAG AGA GGA GGC AAC A-3', *SP-A* Reverse 5'-CAA TAC TTG CAA TGG CCT CGT T-3'; *SP-C* Forward 5'-GTG GTT GTG GTG GTA GTC CTT G-3', *SP-C* Reverse 5'-TAG CAG TAG GTT CCT GGA GGA GGT G-3' *RTI* Forward 5'-GCC ATC GGT GCG CTA GAA GAT GAT CTT-3' *RTI* Reverse 5'-GTG ATC GTG GTC GGA GGT TCC TGA GGT-3'; *caveolin* Forward 5'-CAG CAT GTC TGG GGG TAA AT-3', *caveolin* Reverse 5'-TGC TTC TCA TTC ACC TCG TCT-3'; *GAPDH* Forward 5'-CCT GTG ACT TCA ACA GCA ACT C-3', *GAPDH* Reverse 5'-ACC CTG TTG CTG TAG CCA TAT T-3'.

Statistical analysis {#sec2-5}
--------------------

The student's *t*-test was performed to evaluate the significant differences of each group.

Results {#sec1-3}
=======

Met expression in BASCs and alveolar type II cells {#sec2-6}
--------------------------------------------------

We first performed immunohistochemical assay into adult rat lung, and found Met expression at the BADJ region ([Figure 1A](#fig001){ref-type="fig"}; Supplementary Figure 1A). We further identified the expressing cells by immunofluorescence staining. BASCs are known to coexpress a bronchiolar club marker, club cell secretory protein (CCSP), and an AT2 cell marker, prosurfactant protein C (pro-SP-C).^[@ref15]^ Therefore, to confirm the strong expression of Met in BASCs, we performed immunofluorescence analysis of Met with pro-SP-C and CCSP ([Figure 1B](#fig001){ref-type="fig"}; Supplementary Figure 1B). As shown in [Figure 1B](#fig001){ref-type="fig"}, Met was strongly expressed in BASCs. Next, we focused on Met expression in alveoli. While AT2 cells express pro-surfactant proteins A, B, and C, alveolar type I cells (AT1) express aquaporin-5 (AQP-5), RTI, and caveolin.^[@ref16]^ To verify the Met expression in AT2 cells, we performed immunofluorescence assays of Met with pro-SP-C ([Figure 2A](#fig002){ref-type="fig"}). This merged image shows the Met expression in AT2 cells. On the other hand, we examined the Met expression in AT1 cells by immunofluorescence staining with AQP-5 ([Figure 2B](#fig002){ref-type="fig"}). In contrast to pro-SP-C, the staining of Met was not co-localized with AQP-5. Thus, AT1 cells did not abundantly express Met.

Met mRNA expression of primary cultured alveolar epithelial cells {#sec2-7}
-----------------------------------------------------------------

We investigated the expression of Met in primary cultured AT1 and AT2 cells of rats. Many methods of isolating AT2 cells have been reported, and cell yields and viabilities have been improved.^[@ref20]^ Isolated primary cultured AT2 cells undergo transdifferentiation into AT1-like cells that exhibit morphologic characteristics of AT1 cells.^[@ref12]^ We seeded isolated AT2 cells at density (4x10^6^ cells/35-mm dish) and observed their morphology. We determined a phase-contrast micrograph of rat alveolar epithelial cells cultured for 2 days after seeding the isolated AT2 cells. The cells were cuboidal in shape, and had lamellar bodies, a characteristic feature of AT2 cells, inside them ([Figure 3A](#fig003){ref-type="fig"}). Furthermore, we exhibited the cell morphology after culturing for 6 days ([Figure 3A](#fig003){ref-type="fig"}). The cells became flattened and were squamous in shape, and possessed practically no lamellar bodies, as recognized in the lung AT1 cells. In order to confirm these cells, the expression of marker genes for AT1 and AT2 cells was examined using real-time RT-PCR analysis. The mRNA expression levels of type I cell markers, *RTI* and *caveolin*, were higher in the 6 days-cultured cells than in the 2 days-cultured ones ([Table 1](#table001){ref-type="table"}). In contrast, the mRNA expression levels of AT2 cell markers, *surfactant proteins-A* and *-C*, were lower in the 6 day-cultured cells than in the 2 day-cultured ones ([Table 1](#table001){ref-type="table"}). Thus, we examined the difference of *Met* mRNA between the 6 day-cultured cells and the 2 day-cultured ones. *Met* mRNA expression in the 2 day-cultured cells was 5.8fold higher than that in the normal adult lung, and the expression in the 6 day-cultured cells was at the same level as in the adult lung ([Figure 3B](#fig003){ref-type="fig"}). We confirmed this Met decrease in primary AT2 cells by immunofluorescence. The primary cultured AT2 cells expressed Met after 2 days of culture, but exhibited decreased Met expression after 6 days of culture ([Figure 3C](#fig003){ref-type="fig"}).

HGF enhances alveolar-like cysts in 3D culture {#sec2-8}
----------------------------------------------

It was previously reported that HGF induces the proliferation of primary AT2 cells under monolayer culture. In the present study, we examined the mitogenic activity of HGF into AT2 cells-derived alveolar-like cysts (ALCs) in 3D culture. ALCs have been generated according to a reported method.^[@ref13]^ After 8 days of culture, multicellular ALCs formed ([Figure 4A](#fig004){ref-type="fig"}) and expressed pro-SP-C, which indicated that ALCs maintained AT2 cell characteristics ([Figure 4B](#fig004){ref-type="fig"}). At 8 days culture, ALCs exhibited Met expression ([Figure 4C](#fig004){ref-type="fig"}). HGF increased the total number of ALCs ([Figure 4D](#fig004){ref-type="fig"}) and the number of ALCs with a 50-µm diameter ([Figure 4E](#fig004){ref-type="fig"}). Therefore, HGF enhanced the ALC production.

Discussion {#sec1-4}
==========

During lung injuries in rodents, mRNA and protein levels of HGF markedly increased within 24 h after challenge, followed by inducing the proliferation of lung alveolar and bronchial epithelium.^[@ref21]^ Previous studies have revealed that HGF enhances the proliferation of AT2 cells and their migration on the provisional matrix proteins.^[@ref7]^ The present study suggests that BASCs could also be an important target for HGF. However, it remains unknown what functions HGF exert on BASCs during lung injury, and further studies are required to confirm that Met phosphorylation in BASCs of damaged lungs. Since BASCs are resistant to lung injury and proliferate to restore the epithelium,^[@ref15],[@ref22]^ HGF could play important roles in the mitogenic and anti-apoptotic activities of BASCs. Furthermore, HGF also has morphological activities in the epithelium. HGF induces branching tubulogenesis in renal epithelial cells^[@ref23]^ and regulates epithelial development and morphogenesis in different organs including lung. The development of lung epithelia is inhibited by neutralizing HGF or the use of an antisense strategy in organ cultures of the developing lung.^[@ref24]^ Recently, we found the HGF-Met signal is essential for morphogenesis of bronchioalveolar structure using the human transformed bronchial epithelial (HBE135) cells in 3D culture.^[@ref25]^ This epithelial cell line was established from human bronchial epithelium and expresses CCSP and pro-SP-C, thus we guess the cells are derived from BASCs in BADJ. Lee *et al*. isolated primary BASCs and observed the bronchioalveolar colonies under clonal 3D culture system.^[@ref26]^ To deepen our understanding, it is important to assess the HGF-Met signal for morphogenesis in the 3D culture using isolated primary BASCs.

HGF might act as a potent multifunctional pulmotrophic factor that induces the formation of alveolar networks from destroyed alveolar cells in injured tissues.^[@ref27],[@ref28]^ In lung alveoli, there is evidence from injury models that AT2 cells can proliferate and give rise to AT1 cells. Because AT1 cells showed little expression of Met, HGF-Met signaling does not protect AT1 cells from harmful particles from the air space, but rather acts on multipotent cells during alveolar regeneration. Selective deletion of the *c-met* gene in AT2 cells leads to malformation of alveolar septae.^[@ref29]^ Taken together, HGF is an indispensable cytokine for AT2 cells. HGF is known to enhance the proliferation of primary AT2 cells under monolayer culture. However, primary AT2 cells easily tend to differentiate into AT1-like cells, and it is difficult to maintain AT2 cells in culture. Several mammary cell lines also form cysts when grown in 3D ECM gel. By culturing human primary AT2 cells in Matrigel, the cells formed ALC, lined by a polarized monolayer of cells, which retained specific AT2 properties.^[@ref13]^ In the present study, we found that HGF also enhanced the growth of ALC, and had mitogenic activities in AT2 cells, even in a 3D culture system.

In summary, HGF-Met signaling is well known as a pulmotrophic factor, but the target cells has not been clearly identified. The present study reveals that HGF receptor Met is highly expressed in BASCs. In alveoli, AT2 cells exhibited higher levels of Met than AT1 cells, and HGF enhanced the proliferation of AT2 cells in 3D culture. Taking these findings together, HGF-Met systems could tightly function on cells that have greater multipotency in adult lungs.
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![Immunofluorescence assay for Met expression of BASCs in adult rat lung. A) Met (green) was merged with nuclei as PI (red). B) Met (red) merged with pro-SP-C (blue) and CCSP (green) in adult normal lung. Scale bars: 50 µm.](ejh-2016-1-2575-g001){#fig001}

![Met expression in alveoli of normal adult rat. A) Met (green) merged with pro-SP-C (red). B) Met (green) merged with AQP-5 (red). Scale bars: 50 µm.](ejh-2016-1-2575-g002){#fig002}

![Met expression in the primary alveolar cells. A) Phase-contrast image of isolated AT2 cell after 2 days (a) and 6 days of culture (b). B) Change of Met mRNA in isolated AT2 cells during culture; each value represents the mean +/- SD of the relative expression level normalized by GAPDH; n=3 for each group; each sample was examined by duplicate and averaged; \*P\<0.05. C) Change of Met protein (green) in isolated AT2 cells during culture; (a) Cultured for 2 days; (b) Cultured for 6 days; nuclei were stained with PI (red). Scale bars: 10 µm.](ejh-2016-1-2575-g003){#fig003}

![HGF enhances the formation of ALCs. A) Phase-contrast pictures after 8 days in 2% Matrigel culture. B,C) Immunofluorescence staining of Pro-SP-C (B) and Met (C) as green; nuclei were stained with PI (red). D) Total number of ALCs after 8 days of cultures with rHGF. E) Number of ALCs with a diameter larger than 50 µm after 8 days of cultures with rHGF (n=3). \*P\<0.05; \*\*P\<0.01. Scale bars: 10 µm.](ejh-2016-1-2575-g004){#fig004}

###### 

Expression of AT1 and AT2 cell type markers.

  Gene           Day 2         Day 6         Ratio (day 6/days 2)
  -------------- ------------- ------------- ----------------------------------------
  *RTI40*        0.57+/-0.06   1.94+/-0.50   3.41[\*](#tfn001){ref-type="table-fn"}
  *Caveolin-I*   0.24+/-0.03   1.97+/-0.21   8.21[\*](#tfn001){ref-type="table-fn"}
  *SP-A*         0.86+/-0.11   0.29+/-0.01   0.33[\*](#tfn001){ref-type="table-fn"}
  *SP-B*         1.13+/-0.13   0.43+/-0.05   0.38[\*](#tfn001){ref-type="table-fn"}

Each value represents the mean+/-SE (n=4) of relative expression level normalized by *GAPDH* (compared with adult rat lung);

\*P\<0.05.
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